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Abstract 4-Hydroxy-2-nonenal (HNE), a cytotoxic product of
lipid peroxidation, inhibits O2 consumption by potato tuber
mitochondria. 2-Oxoglutarate dehydrogenase (OGDC), pyru-
vate dehydrogenase complex (PDC) (both 80% inhibited) and
NAD-malic enzyme (50% inhibited) are its major targets.
Mitochondrial proteins identified by reaction with antibodies
raised to lipoic acid lost this antigenicity following HNE
treatment. These proteins were identified as acetyltransferases
of PDC (78 kDa and 55 kDa), succinyltransferases of OGDC
(50 kDa and 48 kDa) and glycine decarboxylase H protein
(17 kDa). The significance of the effect of these inhibitions on the
impact of lipid peroxidation and plant respiratory functions is
discussed. ß 2000 Federation of European Biochemical Soci-
eties. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction
The electron transport chains of chloroplast and mitochon-
dria are major sites of active oxygen species (AOS) formation
in plants [1]. Antioxidant systems found in both these subcel-
lular compartments scavenge AOS and preserve the integrity
and function of these organelles [2,3]. A range of biotic and
abiotic stresses raise AOS levels in plants due to perturbations
of metabolism and the generation of AOS in defence re-
sponses [4]. Such accumulation of AOS in plants results in a
wide variety of deleterious e¡ects through oxidation reactions
involving proteins, lipids and nucleic acids. Research on plant
oxidative stress to date has been centred on investigation of
sensitive reactions in the chloroplast and antioxidant systems
present in this organelle, while our understanding of the im-
pact of oxidative stress on plant mitochondrial functions is
limited.
Changes in the abundance and/or activities of a variety of
plant mitochondrial proteins have been linked with response
to AOS. Synthesis of the alternative oxidase was induced by
H2O2 treatment or addition of respiratory inhibitors that
raised mitochondria AOS production [5]. Further, the role
of this enzyme in alleviating AOS production from the plant
respiratory chain has been established [6]. Oxidative stress of
tomato cell culture led to induction of a 22 kDa mitochon-
drial heat shock protein [7] and the expression of the mito-
chondrial phosphate carrier was reported to be induced by
ozone treatment of lettuce [8]. The TCA cycle enzyme, aconi-
tase, is also known to be sensitive to irreversible inhibition by
H2O2 in potato mitochondria [9].
Polyunsaturated fatty acids of membrane lipids are highly
susceptible to peroxidation by AOS to yield a variety of alde-
hydes, alkenals and hydroxyalkenals including the cytotoxic
compounds malonaldehyde and 4-hydroxy-2-nonenal (HNE).
These secondary endproducts are often collectively measured
in studies of lipid peroxidation by the thiobarbituric acid-re-
active substances assay [10]. Interest in the e¡ects of these
compounds in mammals, especially HNE, was stimulated by
studies showing cytotoxicity due to the rapid reaction at neu-
tral pH with sulphydryl groups of cysteine via Michael addi-
tion [11]. A number of stress conditions, including cardiac re-
perfusion injury, increase AOS production, membrane perox-
idation and decrease respiratory rate in mammals [12]. HNE
has now been shown to directly inhibit respiration of isolated
mammalian mitochondria oxidising glutamate and the e¡ect
has been pinpointed to 2-oxo acid dehydrogenases [13]. Inter-
estingly, inhibition of these enzymes requires HNE to be
present during catalysis by the enzyme and has been shown
to involve reaction of HNE with the reduced form of the
lipoic acid moiety at the enzyme active site [14]. A role for
mitochondrial thioredoxins in modulating the redox status of
lipoic acid moieties in 2-oxo acid dehydrogenases has been
highlighted [15] and this mechanism may be a factor in under-
standing the stress response of mammalian mitochondria to
damage from lipid peroxidation products.
Lipid peroxidation in plants has been known for many
years, but de¢nitive evidence of the pathways involved and
the identi¢cation of HNE production in plants has only been
described recently [16]. Here we show that HNE rapidly in-
hibits respiration of isolated plant mitochondria and four sites
of action have been identi¢ed as the pyruvate dehydrogenase
complex (PDC), the 2-oxoglutarate dehydrogenase complex
(OGDC), NAD-dependent malic enzyme (NAD-ME) and
the glycine decarboxylase complex (GDC).
2. Materials and methods
Potato tubers (Solanum tuberosum cv. Romano) were purchased
locally and 5^10 kg used for isolation of Percoll gradient puri¢ed
mitochondria according to Millar et al. [17]. PDC and OGDC were
puri¢ed from isolated mitochondria by centrifugation and PEG pre-
cipitation protocols according to Millar et al. [17,18].
O2 consumption was measured in an O2 electrode (Hansatech, UK)
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in 1 ml of reaction medium containing 0.3 M mannitol, 10 mM TES-
KOH pH 7.5, 5 mM KH2PO4, 10 mM NaCl, 2 mM MgSO4 and 0.1%
(w/v) bovine serum albumin (BSA). Pyruvate (5 mM), malate
(0.5 mM), 2-oxoglutarate (5 mM), succinate (10 mM), NADH
(1 mM), NAD (0.5 mM), TPP (0.05 mM) and ADP (0.1^1 mM)
were added as indicated. Activities of various enzymes were measured
according to standard protocols: OGDC [18], PDC [17], NAD-ME
[19], cytochrome c oxidase [20], citrate synthase [21], aconitase and
fumarase [22], NAD-dependent isocitrate dehydrogenase [23] and
NADH:ubiquinone oxidoreductase as NADH-dependent FeCN re-
duction [24]. Malate dehydrogenase was assayed as OAA-dependent
NADH oxidation in 10 mM OAA, 0.2 mM NADH, 10 mM MgCl2
and 50 mM TES-KOH pH 7.2. The component enzymes of mPDC,
pyruvate dehydrogenase (E1), dihydrolipoamide acetyltransferase (E2)
and dihydrolipoamide dehydrogenase (E3) were also measured as out-
lined previously [25]. Dithio-(bis)nitrobenzoic acid (DTNB) assays
were performed according to Humphries and Szweda [14]. All enzyme
activities were measured at 25‡C. Protein concentrations were deter-
mined by the method of Bradford [26] using BSA as standard.
Total mitochondrial proteins and the subunits of PDC and OGDC
preparations were separated by electrophoresis under denaturing, re-
ducing conditions on 0.1% (w/v) sodium dodecyl sulphate (SDS)^12%
(w/v) polyacrylamide gels according to Laemmli [27]. For immuno-
reaction experiments, proteins were electroblotted from SDS^PAGE
gels onto nitrocellulose membranes and blocked in 5% (w/v) casein.
1/15 000 dilution of the anti-lipoic acid serum [14], 1/1000 dilution of
the anti-H protein of GDC serum and 1/1000 dilution of the anti-acyl
carrier protein (ACP) serum were used as primary antibodies. Chem-
iluminescence was used for detection of horseradish peroxidase-con-
jugated secondary antibodies.
3. Results and discussion
3.1. E¡ect of HNE on plant mitochondrial respiration
In the light of the signi¢cant inhibitory e¡ect of HNE on
mammalian respiratory function [13,14], we have investigated
the e¡ect of this lipid peroxidation product on the function of
isolated plant mitochondria from potato tuber. Isolated pota-
to mitochondria were incubated for 5 min in the presence of
ADP, cofactors and a substrate or substrates that can be
oxidised by the TCA cycle, in the presence or absence of
200 WM HNE. Following addition of 10 mM cysteine to
quench remaining HNE, O2 consumption in the presence of
the incubation substrate was recorded using an O2 electrode
(Table 1). Succinate-dependent respiratory rate was not sig-
ni¢cantly a¡ected by HNE treatment, while pyruvate+malate-
and 2-oxoglutarate-dependent respiration were inhibited by
40% and 80%, respectively, following the HNE treatment.
These results imply that HNE is not primarily acting on the
plant mitochondrial electron transport chain, which is largely
common to the pathway of O2 consumption used by all three
substrates, but rather on site(s) in the oxidation of TCA cycle
substrates leading to reduction of the dinucleotide pool in the
matrix.
3.2. E¡ect of HNE on mitochondrial enzyme maximal activities
To further investigate the sites of action of HNE on potato
tuber mitochondria, the e¡ects of this compound were tested
on the maximal activity of known targets from mammalian
systems and a range of other plant mitochondrial enzymes.
Isolated potato tuber mitochondria were incubated for 5 min
in the presence of 2-oxoglutarate, malate, pyruvate, cofactors
and ADP, with or without 200 WM HNE. Reaction was
stopped by addition of cysteine to 10 mM. Samples were
then used to measure the maximal activities of enzymes (Table
2). Electron transport components involved in the transfer of
electrons from the TCA cycle to O2 were not signi¢cantly
inhibited (cytochrome c oxidase, NADH dehydrogenases
and succinate dehydrogenase). A number of TCA cycle en-
zymes were also not a¡ected by HNE treatment (citrate syn-
thase, aconitase, fumarase, isocitrate dehydrogenase and ma-
late dehydrogenase). Of the three enzymes that were a¡ected,
the two 2-oxo acid dehydrogenases (PDC and OGDC) were
inhibited more than 80% while another decarboxylating dehy-
drogenase (NAD-ME) was inhibited by 50%.
3.3. Lipoic acid moieties in plant mitochondrial proteins
Lipoic acid has been identi¢ed as a key target of HNE
action and is found as a covalently bound moiety in subunits
of both PDC and OGDC. Antibodies raised against the un-
modi¢ed form of lipoic acid [14] were used here to detect
lipoic acid moieties in plant mitochondrial proteins separated
by SDS^PAGE (Fig. 1). Immunoblots consistently showed the
presence of ¢ve protein bands reacting with the lipoic acid
antibodies with apparent molecular masses of 78 kDa,
55 kDa, 50 kDa, 48 kDa and 17 kDa. Separation of the
50 and 48 kDa proteins was sometimes di⁄cult to observe
and antibody reaction then showed a broad band at 48^50
kDa (Fig. 1). Following the HNE treatment described above,
all ¢ve proteins had greatly reduced reactivity with the lipoic
acid antibody. Humphries and Szweda [14] showed that this
antibody failed to recognise lipoic acid moieties modi¢ed as
HNE^Michael adducts. The results shown in Fig. 1 are thus
Table 1
E¡ect of HNE on O2 consumption rate of isolated potato mito-
chondria utilising di¡erent substrates
Substrate O2 consumption (+ADP)
(nmol O2/min/mg protein)
control +HNE (control %)
Succinate 280 þ 20 265 þ 15 (95%)
Pyruvate+malate 200 þ 15 120 þ 20 (60%)
2-Oxoglutarate 285 þ 32 57 þ 5 (20%)
Fig. 1. Loss of reaction between plant mitochondrial proteins and
anti-lipoic acid antibodies following treatment with HNE. Coomas-
sie blue-stained protein from SDS^PAGE separation of proteins
from (1) control mitochondria, (2) 200 WM HNE-treated mitochon-
dria. Immuno-reaction of (3) control mitochondria and (4) 200 WM
HNE-treated mitochondria with antibodies raised to protein-bound
lipoic acid. Numbers are apparent molecular masses in kDa.
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consistent with a loss of antigenicity of this moiety through
HNE modi¢cation. The apparent molecular masses of the
lipoic acid-containing protein bands are identical to those of
four proteins in potato mitochondria known to contain cova-
lently bound lipoic acid moieties. Proteins of 78 kDa and
55 kDa are the acetyltransferases of PDC [25], the succinyl-
transferases of OGDC are 48^50 kDa [18]. The 17 kDa im-
muno-reactive protein was tentatively assigned as either the
14^18 kDa ACP which is involved in lipoic acid addition to
proteins in mitochondria [28] or as the approximately 16 kDa
H protein of the GDC [29]. Identi¢cation of the 17 kDa
protein as the H protein was con¢rmed by cross-reaction of
this band with antibodies raised to puri¢ed H protein of GDC
isolated from pea mitochondria (Fig. 2, lanes 1 and 2). Anti-
bodies raised to the ACP from Arabidopsis [30] reacted with a
smaller band in potato mitochondria (Fig. 2, lane 3). No sig-
ni¢cant rate of glycine-dependent O2 consumption could be
recorded by potato tuber mitochondria (data not shown), thus
we were unable to con¢rm whether GDC operation was in-
hibited by HNE.
3.4. E¡ect of HNE on puri¢ed PDC and OGDC
We have recently puri¢ed PDC and OGDC to homogeneity
from potato tuber mitochondria [17,18,25]. Incubation of pu-
ri¢ed OGDC and PDC with 200 WM HNE for 0, 5 and 15 min
in the presence or absence of the complex’s substrate, and
subsequent assay of complex activities, showed that function
was only signi¢cantly inhibited by HNE during catalytic turn-
over of the enzyme complexes (Fig. 3A). Subsequent analysis
of the immuno-reactivity of the acetyltransferase and succinyl-
transferase subunits with lipoic acid antibodies showed a de-
crease in lipoic acid antigenicity that correlated with the loss
of enzymatic function (Fig. 3B). No e¡ect of HNE was found
on pyruvate dehydrogenase (E1) activity measured as pyruva-
te:FeCN reduction, or dihydrolipoamide dehydrogenase (E3)
activity measured as dihydrolipoamide:NAD reduction (data
not shown). This suggests the e¡ect of HNE is limited to a site
on the E2 subunits of these enzymes.
Dihydrolipoamide acetyltransferase (E2) activity measured
as reduction of exogenously added lipoamide by acetylCoA
was not a¡ected by HNE (data not shown). However, the rate
of DTNB reactivity of PDC and OGDC samples, which is a
measure of the ability of DTNB to bind to reduced lipoic
Fig. 2. Identi¢cation of the 17 kDa lipoic acid-containing protein of
potato tuber mitochondria as the H protein of GDC. Reaction of
(1) anti-lipoic acid antibodies, (2) anti-H protein of GDC antibodies
and (3) anti-ACP antibodies, with SDS^PAGE-separated potato mi-
tochondrial proteins. Numbers are apparent molecular masses in
kDa, arrow indicates 17 kDa lipoic acid-containing H protein.
Fig. 3. Substrate-dependent inhibition of puri¢ed PDC and OGDC and loss of reaction between acetyltransferase and succinyltransferase sub-
units and anti-lipoic acid antibodies. A: Rates of puri¢ed PDC and OGDC activities after 0^15 min in the presence of 200 WM HNE and all
cofactors required for activity, with or without addition of pyruvate (Pyr) or 2-oxoglutarate (2-OG). B: Immuno-reaction of SDS^PAGE-sepa-
rated, nitrocellulose-blotted PDC and OGDC proteins from the experiment in (A) with antibodies raised to protein-bound lipoic acid.
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acid, was decreased by HNE. After HNE treatment for 15 min
in the presence of substrate, DTNB reactivity decreased by
80 þ 10% and 70 þ 8% (n = 3) for PDC and OGDC samples,
respectively. These data imply that the sole e¡ect of HNE on
these complexes appears to be the modi¢cation of lipoic acid
moieties, disabling them from providing acetyl groups to CoA
transferase sites on E2 and from transferring electrons to E3.
3.5. Lipid peroxidation and plant respiratory function
While various measurements of plant mitochondrial lipid
peroxidation have been undertaken [31^33], no reports have
attempted to show that mitochondrial function changes as a
result of this damage. Despite the abundance of research on
mechanisms for detoxifying AOS, there are still no con¢rmed
biochemical pathways for the detoxifying of cytotoxic lipid
peroxidation products in plants. Understanding of such path-
ways will be essential to assess the impact of lipid peroxida-
tion on HNE-sensitive enzymes in plants such as those de-
scribed here.
NAD-ME is found ubiquitously in plant mitochondria
where it is thought, together with PEP carboxylase in the
cytosol, to enable the anaplerotic function of the TCA cycle
to supply metabolic intermediates for biosynthesis. The iden-
ti¢cation of NAD-ME as an HNE-sensitive enzyme in plant
mitochondria (Table 2) may be due to the presence of suscep-
tible cysteine residues in this enzyme, as HNE is known to
modify cysteine residues [14]. Assays for NAD-ME routinely
include dithiothreitol to maintain activity and mercurials are
known inhibitors of this enzyme, suggesting the presence of
susceptible, essential cysteine residues at its active site.
Losses of PDC and OGDC activities in plant mitochondria
will slow complete TCA cycle activity. Oxidation of succinate
or malate to oxaloacetate could be maintained providing ox-
aloacetate is removed from the mitochondrial matrix to pre-
vent feedback inhibition of MDH. We have recently postu-
lated, on the basis of analysis of plants expressing anti-sense
RNA constructs of TCA cycle enzyme subunits in potato, that
PDC has a high control coe⁄cient over respiratory £ux in
plants [34]. The susceptibility of mPDC to HNE may thus
suggest that the enzyme complex represents a prime target
for oxidative stress-induced modi¢cation of plant respiratory
function. Additionally, the catalytic activity of PDC E1 can be
controlled by phosphorylation (inactivating) and dephosphor-
ylation (activating) of the E1K subunit. As the inhibition of
PDC by HNE is dependent on enzyme catalytic turnover (Fig.
2), this regulatory mechanism has the potential to halt oper-
ation of the complex in the presence of substrate to prevent
irreversible loss of PDC activity. Interestingly, phosphoryla-
tion of PDC is known to occur following exposure of plants
to light [35] and this suggests a decrease in TCA cycle oper-
ation during periods of photosynthesis during which AOS
production in the cell will be high.
HNE is also likely to modify the lipoic acid moieties of the
H protein of the GDC. The prominent role of this enzyme in
the photo-respiratory cycle in plants [36] highlights the impor-
tance of understanding the process of lipid peroxidation in
plant mitochondria and the mechanisms of repair. The recent
identi¢cation of pathways for lipoic acid attachment to acyl-
transferase subunits in mitochondria [28] and the discovery of
a pathway for de novo lipoic acid synthesis in plant mitochon-
dria from photosynthetic tissues [29] will provide the basis for
tools to investigate such mechanisms.
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